Objective: To compare the sequential healing at the interface gap occurring between autologous bone grafts and recipient sites using two types of fixation techniques.
without any statistically significant difference.
Conclusions:
The present study did not show superiority of one method over another. A fixation to a recipient site with perforations may be sufficient for incorporating an autologous bone graft even if its adaptation is not perfect and irrespectively of the fixation method. Distances of approximately half millimeter were bridged with newly formed bone.
Implant-retained reconstructions have become a reliable treatment. However, limited bone availability may result in difficult implant placement. For good function and esthetics, and to achieve long-term stability, a sufficient bone volume is necessary. Various bone augmentation techniques have then been proposed to create sufficient bone volume. With this purpose in mind, the use of particulate or block autologous bone grafts has been propagated.
Successful integration of the autologous bone grafts depends mainly on its vascularization and on a stable fixation to the recipient sites (De Marco et al. 2005) . To improve the vascularization of the graft, perforation or a decorticalization of the cortical external bone layer has been suggested. For instance, a histological study investigated the incorporation of onlay bone grafts, obtained from the calvaria, and fixed onto rabbit mandibles (Pedrosa et al. 2009 ). Cortical perforations were performed at the recipient test sites, while the control recipient sites were left untreated before graft fixation. It was shown that the perforations at the recipient sites positively influenced the process of revascularization and osteogenesis. Moreover, a larger bone volume of the calvarial grafts was maintained. In another study in dogs (De Carvalho et al. 2000) , autogenous bone grafts were attached onto the lateral aspect of the mandible. The recipient beds were prepared either with perforations of the cortical layer or by decorticalization. The control sites were left untreated. Better integration of the grafts was observed at the treated sites compared to the untreated controls in which connective tissue was found interposed between the recipient sites and the grafts. Nevertheless, other studies could not disclose differences between decorticalized or perforated recipients sites vs. untreated control sites. (e.g., Lundgren et al. 2000; Slotte & Lundgren 2002; Dayangac et al. 2016 ).
An adequate immobilization and adaptation of the grafts to the recipient sites is another important issue to guarantee proper integration of the grafts (Raghoebar et al. 2006) . Metallic plates and screws are the most commonly used fixation techniques. Other authors suggested the use of tissue glue, such as the N-butil-2-cyanoacrylate (NB-Cn), to fix the grafts to the recipient sites (Bas et al. 2012) .
In orthopedic surgery, various methods have been described to fix bone fragments (for review, see Ruedi et al. 2007 ). Two of these methods have been addressed as "lag" and "position screws." Applying the lag screw method, one fragment is prepared with a glide hole larger than the diameter of the screw to allow a compression between the two fragments. Applying the position screw method, both fragments have threaded holes. This, in turn, means that the fragments may be fixed together without a preparation of the holes or with a previous preparation with holes of a diameter smaller than that of the threads of the screw. To date, no comparisons of the healing outcomes have been made between the two different fixation methods, so that it is not known whether one method is superior to the other. Moreover, the effect of the adaptation of the grafts to the recipient sites has not been properly studied as well.
Hence, the aim of the present superiority study was to compare the sequential healing at the interface gap occurring between autologous bone grafts and recipient sites using two types of fixation techniques.
Material and methods
The experimental protocol was submitted to and approved by the local Ethics Committee of the faculty of Ribeirão Preto, University of São Paulo, Brazil. The indications from the ARRIVE guidelines were applied.
Forty-eight adult male New Zealand white rabbits, weighing between 3.5 and 4.0 kg, were divided into two groups, and one group of 24 animals was used for this project.
All animals underwent calvarial surgery for harvesting bone grafts and bilateral surgeries in the lateral aspect of the angle of mandible for their fixation to the mandibular bone. The following fixation methods were adopted at random: Fixation I: grafts fixed with a 1.5 mm 9 6.0 mm titanium fixation screw (Kit Enxerto, Conexão Sistema de Pr otese, Aruj a, SP, Brazil) at the center of the block using the position method.
Fixation II: grafts fixed with a 1.5 mm 9 6.0 mm titanium fixation screw at the center of the block using the lag screw method.
Four periods of healing, 3, 7, 20, and 40 days, were analyzed using six animals for each observation period.
Randomization and allocation concealment
The randomization was performed electronically (randomization.com) by an operator not involved in the surgical procedures. The surgeon received the information about the location of positioning/lag screw fixation after the elevation of the flaps at the first surgical recipient sites.
Surgical procedures
An experienced surgeon (ECMN) performed all surgeries. The procedures were carried out under general anesthesia. For initial sedation, acepromazine (1.0 mg/kg; Acepran, Vetnil, Louveira, São Paulo, Brazil) was administered subcutaneously 15 min before surgery. A combination of xylazine (3.0 mg/kg; Dopaser, Hertape Calier, Juatuba, Minas Gerais, Brazil) and 60 mg/kg ketamine (50.0 mg/kg; União Qu ımica Farmacêutica Nacional S/A, Embuguac ß u, São Paulo, Brazil) were subsequently administered intramuscularly. Local anesthetic was also injected locally.
Before surgery, the skin at all surgical sites was shaved and disinfected. A 4.0 cm long linear incision was performed on the skin of the skull antero-posteriorly. Both galea and fascia were incised, followed by a periosteal incision and exposure of the skull cortical bone (Fig. 1a) . Two bi-cortical bone blocks were then obtained from the rabbits calvaria, using a 10-mm-diameter trephine (Fig. 1b,c) . The osteotomies were performed under copious saline (0.9%) irrigation. The wounds were sutured with Vicryl 4-0 in the periosteum, fascia, and galea aponeurosis, and with nylon 4-0 in the skin, using single stitches. The two bone blocks were kept in sterile gauze moistened with 0.9% saline solution until use.
Subsequently, an extra-oral submandibular approach, with an incision of the skin of approximately 3.0 cm, was performed bilaterally at the base of the mandible and the posterior region of the mandibular angle. The skin was open wide and both muscles and periosteum were cut, and the flaps were elevated to expose the lateral convex side of the mandibular angle (Fig. 2a) .
Standardized 7 9 7 mm large stents made of surgical steel, carrying nine evenly distributed holes of 1.0 mm in diameter, were used to guide cortical perforations on the recipient sites using round burs under copious irrigation with 0.9% saline (Fig. 2b,c) .
Subsequently, the two bone blocks previously harvested were secured using one of the previously described fixation methods, ensuring that the grafts were placed in the center of the prepared recipient sites (Fig. 2d) . No graft preparation was performed to improve the adaptation to the recipient sites. Due to the convexity of the angle of the mandible, a peripheral gap was obtained between the recipient sites and the grafts. Periosteum and muscle layers were sutured with 4-0 Vicryl and the skin with 4-0 nylon.
The rabbits received intraperitoneally oxytetracycline (0.2 ml/kg; Biovet, Vargem Grande Paulista, São Paulo, Brazil) as prophylactic antibiotics the day of the surgery and the next 3 days. In addition, the animals received intramuscularly buprenorphine (0.02 mg/kg; Bupaq, Richter Pharma AG, Wels, Austria) and Profenid (3.0 mg/kg; Ketojet, Agener União, São Paulo, São Paulo, Brazil).
The animals were maintained in individual cages, in acclimatized environment at the animal facilities of the University and feed with balanced food (Rac ßão Procoelho, Primor â , Jaguar e, São Paulo, Brazil). Postoperatively, the wounds were inspected daily for clinical signs of complications. The animals were sacrificed using an overdose of thiopental (1.0 g, 2 ml; Thiopentax, Crist alia, Itapira, São Paulo, Brazil) administered intravenously. After euthanasia, the grafted segments of the mandible were removed, dissected, and subsequently reduced in individual blocks that were maintained in 10% formaldehyde solution.
Histological preparation
The blocks were dehydrated with increasing concentrations of ethanol solutions and finally embedded in resin (LR White TM hard grid; London Resin Co Ltd, Berkshire, UK). After polymerization, the blocks were cut in a buccallingual direction at the center of the grafts, using a diamond band saw fitted into a precision slicing machine (Exakt â , Apparatebau, Norderstedt, Germany). Four sections of about 100-150 micron, representing the center of the grafts and their peripheral aspects, were obtained and reduced to a thickness of about 50-60 lm using a cutting-grinding device (Exakt â , Apparatebau, Norderstedt, Germany).
The sections were stained with toluidine blue, and the two most representative sections of the center of the grafts, disclosing parts of the screw, were chosen for histological evaluation for the present study.
Histomorphometric evaluation
Measurements were performed in an Eclipse Ci (Nikon Corporation, Tokyo, Japan), equipped with a digital video camera (Digital Sight DS-2Mv; Nikon Corporation) connected to a computer. The distance between the inner profile of the grafts and the parent bones was measured in the most peripheral edge of the grafts and the closest region to the fixation screws on both sides at 940 magnification (Fig. 3) .
Moreover, the following regions were identified ( Fig. 3) : (a) the closest zone to the screw (internal zone); (b) a region corresponding to the osteotomies (osteotomy zone); (c) the most peripheral region (external zone). A point counting procedure was adopted to determine the tissue composition, namely bone graft, parent bone, new bone, parent marrow, early soft tissue, provisional matrix, bone debris, and primitive marrow. For this aim, a lattice of dimensions of about 0.4 mm 9 0.6 mm with squares of 50 lm in dimensions was superposed over the tissues at a magnification of 9200 (Schroeder & Munzel-Pedrazzoli 1973) . In the external and internal zones, the lattice was centered in the middle of the gap. Due to its dimensions, regions of the grafts and of the parent bones were also included. In the osteotomy zone, the lattice was placed just below the graft and in the center of the hole.
Data analysis
Mean values and standard deviations (SD) as well as 25th, 50th (median), and 75th percentiles were calculated for each outcome variable. The main variable was the external distance for the linear measurements and new bone percentage for the morphometric measurements. Differences between positioning and lag screw fixations were analyzed using Wilcoxon rank test using SPSS Statistics (IBM â Inc. Chicago IL, USA). The level of significance was set at a = 0.05.
Results
Six samples representing the position and six representing the lag fixation screw methods were obtained for each period of healing, so that n = 6 was reached.
Distance between graft and recipient bone sites
The distance in the internal zone was scarcely influenced by the different methods used (Figs 4-7; Table 1 ). After 3 days, the distance was 0.03 AE 0.06 mm and 0.06 AE 0.1 mm at the positioning and lag screw sites, respectively. After 7 days, the mean distance had increased at both sites to 0.11 AE 0.17 mm (a) (b) (c) The bone blocks were secured using one of the described fixation methods. and 0.11 AE 0.09 mm at the positioning and lag screws, respectively. Subsequently, the distance progressively decreased to 0 mm after 40 days. No statistically significant differences were found between the two fixation methods at any of the periods evaluated. Moreover, statically significant differences were found after 3 and 7 days for the distances between the internal and external zones, both for position and lag screw methods. After 20 days, only at the position screw method, there was a statistically significance difference between the internal and external zones. After 40 days, the grafts were integrated to the recipient sites at the internal and external zones, for both screw methods with no statistically significant differences. Due to new bone formation starting from the parent bone, the distance in the external zone decreased progressively at the position screw sites from 0.56 AE 0.12 mm to 0.38 AE 0.33 mm as well as at the lag sites from 0.52 AE 0.12 mm to 0.31 AE 0.27 mm for 3-20 days of healing. After 40 days, the gap was reduced to 0 mm due to the fixation obtained by newly formed woven bone at both sites. No statistically significant differences were found between the two fixation methods at any of the periods evaluated.
Morphometric evaluation

Internal zone
Due to the reduced dimensions of the gap in this region, most of the evaluated zone was occupied by the graft and the parent bone, especially in the earlier period of healing (Figs 4-6; Table 2 ).
The early soft tissue was composed, in the early phases of healing, of remnants of erythrocytes and fibrin, and contained vessels and very small amounts of fibroblast-like cells. It was found at percentages of about 5%, 14% at the positioning sites and about 16%, 28% at the lag sites, after 3 and 7 days, respectively. The provisional matrix, characterized by a high content of fibroblast-like cells, was found after 7 days at percentages of 6% both sites.
New woven bone was first found after 20 days at percentages of 9.6 AE 12.3% and 12.8 AE 12.7%, increasing to 34.8 AE 8.0% and 35.5 AE 13.9% after 40 days, at positioning and lag screws sites, respectively (Fig. 7c,d ). The primitive marrow was also first found after 20 days of healing at percentages of 0.9 AE 2.2% and 3.4 AE 6.1% and, after 40 days, of 16.8 AE 8.9% and 26.5 AE 8.6%, at the positioning and lag screws sites, respectively.
The early soft tissue was present at percentages of about 2%, 0% at the positioning sites, and about 1%, 0% at the lag sites, after 20 and 40 days, respectively. The provisional matrix was 9% and 19% at the position, and 20% and 10% at the lag screw, after 20 and 40 days, respectively.
Osteotomy zone
After 3 days of healing, early soft tissue was the most represented within the evaluated zone and reached a percentage of more than 60% at both sites, while the remaining area was almost completely occupied by high amounts of bone debris at a percentage that was more than 30% (Figs 4-6; Table 3 ).
After 7 days of healing, the early soft tissues increased to percentages of 69-76% while bone debris decreased to percentages of 6-7%. Provisional matrix was present at percentages of about 16-17%. New woven bone was found after 7 days at the lag screw sites (6.5 AE 16.0%).
After 20 days of healing, woven bone was found at both sites, forming from the edges of the osteotomy toward the grafts, concomitantly with the formation of primitive marrow. The percentages were 34.9 AE 12.8% and 32.7 AE 17.8% for woven bone and 32.9 AE 24.3% and 31.5 AE 15.0% for primitive marrow at the positioning and lag screws sites, respectively. The provisional matrix increased to about 28-31% while early soft tissue decreased to 1-8%.
After 40 days of healing, woven bone was represented by 49.9 AE 8.0% and 37.0 AE 14.1% and primitive marrow by 27.6 AE 3.1% and 49.4 AE 17.3% at the positioning and lag screws sites, respectively.
None of the differences between the two fixation sites was statistically significant at any period of healing, a part from the primitive marrow after 40 days of healing.
External zone
After 3 days of healing, within the gap at both positioning and lag screw sites, the (a) (b) (c) Fig. 3 . The distance between the inner profile of the graft and the parent bone was measured in the most peripheral edge of the grafts and in the closest region to the fixation screws on both sides (red lines). The following regions were identified: (a) the closest zone to the screw (internal zone); (b) a region corresponding to the osteotomies (osteotomy zone); (c) the most peripheral region (external zone). Table 4 ). Small amounts of bone debris and very small amounts of provisional matrix, rich in fibroblast-like cells and vessels, were found mainly close to the parent bone. No new bone was detected at this stage of healing, and no resorptive processes were noted either. No statistically significant differences were found between the two different methods. After 7 days of healing, no new bone as well as no resorptive processes was found as yet. The early soft tissue slightly decreased in proportions at both sites, while provisional matrix increased in percentage, especially at the lag screw sites. Bone debris decreased to very low percentages. No statistically significant differences were found between the two different methods.
After 20 days of healing, woven bone was found at percentages of 32.3 AE 18.6% and 29.2 AE 16.2% complemented by primitive marrow at percentages of 17.1 AE 23.1% and 26.8 AE 20.6% at the positioning and lag screw sites, respectively. This new mineralized bone and primitive marrow were localized close to the parent bone. The early soft tissue decreased to low percentages, while the provisional matrix increased, especially at the position screw sites. Small amounts of mature bone marrow were found at the graft sites, occupying the zone where the cortical layer was resorbed. No statistically significant differences were found between the two different methods.
After 40 days of healing, woven bone occupied 47.4 AE 11.9% and 44.9 AE 8.9% together with primitive bone marrow at percentages of 20.9 AE 11.2% and 20.8 AE 13.0% at the positioning and lag screw sites, respectively. Provisional matrix had decreased to percentages of about 6-7%, while mature bone marrow was found at percentages of 10-11%, localized in the graft region and occupying spaces previously occupied by cortical bone of the graft. No statistically significant differences were found between the two different methods.
Discussion
In the present experiment, the gap healing of autologous bone grafts placed on the lateral aspect of the angle of mandible was studied. Two different types of fixation with screws were adopted, the lag and the position screw methods.
The clinical use of block bone grafts to increase the alveolar bone volume has been shown to be an effective therapy for installing implants for oral rehabilitation (Sanz-S anchez et al. 2015) . Likewise, it has been demonstrated experimentally that autologous bone blocks may integrate well to the recipient sites (e.g., De Santis et al. 2012 Santis et al. , 2015 . In that dog study, defects were created in the molar region of the mandible immediately after tooth extraction. After 3 months of healing, block bone grafts were harvested from the ascending ramus of the mandible and applied into the defects at one side of the mandible. On the other side, a block of deproteinized bovine bone mineral was affixed. After further 3 months of healing, implants were installed in the interface between grafts and parent bone. After 3 months of healing, biopsies were obtained. It was shown that the autologous bone grafts were perfectly incorporated to the recipient sites, and the implants were integrated both at the parent and graft sites. Conversely, the xenograft blocks were not incorporated into the parent bone, remaining divided by a layer of connective tissue. The implants were integrated only at the aspect of the parent bone (lingual aspect), while at the buccal aspect, only small portions of the implant presented newly formed bone and most of the surface of the implants were devoid of new bone. In the present study, the two different type of fixations did not yield differences in the distance between the grafts and the recipient sites (Fig. 6a,b) . At both sites, grafts and recipient sites were closer in the internal zone compared to the external zone after 3 days of healing. This initial difference between the internal and external zones was obtained owing to the convexity of the recipient sites. This resulted in a shorter distance between the recipient sites and the grafts in the internal compared to the external zones.
In the internal zone, the gaps observed after 3 days were 32 and 60 lm at the position and lag screw sites, respectively. The distance increased in dimension after 7 days because of the resorptive processes that were present in close vicinity to the fixation screws. After 20 days, it decreased and disappeared at the 40 days healing period, when the grafts were integrated into parent bone.
In the external zone, the gaps after 3 days were 564 and 515 lm at the position and lag screws sites, respectively. The distance decreased continuously and disappeared at the 40 days healing period when the grafts were found integrated to the recipient sites. It has to be considered that in the present study, a careful and standardized preparation of the recipient sites was performed. However, the adaptation of the grafts was intentionally not performed to obtain gaps with the parent bone in the external region. Gaps Mean ( of less than 600 microns (as mean value) were obtained. Despite the presence of these gaps, a good integration of the grafts to the recipient sites was observed.
A good adaptation and fixation of the grafts to the recipient sites have been suggested to be important for healing (Raghoebar et al. 2006) . However, the present study has shown that a good fixation to a well-prepared recipient site with perforations of the cortical bone layer may be sufficient for obtaining a complete graft integration irrespective of a perfect graft adaptation, and bridged distances between grafts and recipient sites of about half a millimeter. From a clinical point of view, this fact appears very relevant as a perfect adaptation of the graft appears to be a difficult requirement, more than to perform an optimal preparation of the recipient sites, and an accurate fixation of the graft to it.
The healing was characterized by the formation of an early soft tissue containing few vessels and cells, followed by the formation of a provisional matrix through which woven bone was subsequently formed. Bone formation was first seen after 7 days and was limited to the area within the osteotomies. After 20 days of healing, however, new woven bone was observed in all zones, although at higher percentages in the osteotomy and external zones. It has to be considered that, in the internal zone, a smaller gap was present. Before bone apposition, bone resorption had to occur. Instead, in the osteotomy and external zones, larger spaces were available to allow provisional matrix and new woven bone to form. This is in agreement with several studies that showed that bone was forming faster in chambers or marrow spaces compared to cortical compartments (Abrahamsson et al. 2004; Rossi et al. 2014; . In the internal zone, the screw may have played a role to induce bone modeling and remodeling processes, as shown in other experimental studies in dogs (Rossi et al. 2014; Favero et al. 2016) . The healing in the internal zone appeared to follow a slightly different pattern compared to the other two zones. In conclusion, the present study did not show superiority of one method over another. Moreover, it was shown that a fixation to a recipient site with perforations may be sufficient for incorporating an autologous bone graft even if its adaptation is not perfect and irrespectively of the methods of fixation used. Distances of approximately half millimeter were bridged with newly formed bone, and the graft was incorporated to the recipient sites. The translation of the results from the present study to the clinical situation human has to be carried out with caution, as it is known that healing in phylogenetically lower animals is faster than in human. Similar studies in human are necessary to confirm the hypothesis of the present animal model.
